Abstract level of endoreduplication in cotyledons of mature seeds was also investigated. This study showed that When reciprocal crosses are made between different there is a close relationship (r2=0.919) between the pea genotypes, there is a strong maternal influence endoreduplication level in mature cotyledons and seed on mature seed size of the reciprocal hybrids, i.e. their dry weight or mean volume of cotyledon cells, sugdry weights are similar to that of seeds obtained from gesting that both maternal and non-maternal factors their maternal parents. Reciprocal crosses between could control the number of endoreduplicating cycles pea varieties having very different mature seed sizes in the cotyledons and, hypothetically, the cotyledon were used to investigate how the maternal genotype cell size. controls seed development and mature seed size. The differences in dry seed weight between genotypes and
Introduction to endoreduplication kinetics in cotyledons during the
Pea seed development has already been described in many transition between the cell division phase and maturastudies (Bain and Mercer, 1966; Smith, 1973 ; Hedley and tion were obtained. The appearance of nuclei having Ambrose, 1980) . It can be divided into three distinct an 8C DNA content indicates the initiation of the endophases. In the first, the cell division phase, the cotyledon reduplication phenomenon and thus the end of the cell cells actively divide. In the second phase, maturation, the division phase. It was shown that the duration of the cotyledon cells expand, and reserve compounds (starch cell division phase was the same in the reciprocal and proteins) are stored. The third phase concerns seed hybrids, its value being intermediate between those
desiccation. At the end of the initial phase of development, recorded for their maternal parents. This result indithe number of cells in the cotyledons is established (Smith, cates that the timing of development of the embryo is 1973). In legume seeds, cotyledons represent the major not under maternal control, but depends on its own storage organ, as the endosperm is restricted to a nutrientgenotype. Consequently, maternal genotype must rich apoplastic liquid which is almost totally resorbed at influence the mitotic rate during the cell division phase the beginning of the maturation (Marinos, 1970) . Studies to achieve differences in cell number found in the cotyledons of mature F1-reciprocal hybrids. The final in different legume species such as faba bean (Davies, homozygous lines. Five varieties were used, which show large 1977), pea (Davies, 1975) and soybean ( Egli et al., 1981) genome size and/or cellular dimension (Galbraith et al., 1991; Melaragno et al., 1993; Gendreau et al., 1998) . This
Cell number
suggests that the endoreduplication phenomenon may be
After the cell volume analysis, the remaining cell suspension related to the mature seed size, and may be more importwas centrifuged, and the volume of the pellet was measured ant in large seeds than in small seeds.
using a water displacement method. The mean cell number per cotyledon was estimated according to the two equations below,
In order to investigate how the maternal genotype supposing that the entire volume of the cells is composed of controls seed development and mature seed size, recipinsoluble products (cell wall, starch granules, protein bodies):
rocal crosses between four varieties of pea having different seed sizes were used. The stage of appearance of the cotyledon volume=pellet volume× suspension volume suspension volume-aliquot endoreduplication phenomenon in cotyledon cells was investigated during the transition period between cell division phase and maturation using flow cytometry. Next, the endoreduplication level in the mature seed of cell number per cotyledon= cotyledon volume mean cell volume nine pea varieties and hybrids was described in order to study the relationship between this trait and cotyledon cell number and cotyledon cell volume.
Flow cytometry analysis
Immature embryos fixed in acetic alcohol were rinsed in distilled
Materials and methods
water for 10 min under vacuum conditions. For mature seeds, the seeds were immersed in distilled water for 1 night at 4°C, Plant material and growing conditions then the seed coat was removed. When possible (for embryos sampled after 190°C DAP), the cotyledons and the embryo Garden pea (Pisum sativum L.) is a diploid (2n=14) and autogamous plant, so varieties used are considered as pure axis were analysed separately. The material (cotyledons or embryonic axis) was chopped using a sharp razor blade in
The differences in seed dry weight reflected differences about 2 ml of nucleus isolation buffer (Gilissen et al., 1993) to in cotyledon cell number and mean volume, as shown in release the nuclei. The suspension was filtered through a 40 mm Table 1 . Seed size appeared positively correlated with nylon mesh, and DAPI (4∞,6-diamidino-2-phenylindole: A-T cotyledon cell number and volume. A strong maternal binding specific fluorochrome) was added to the filtrate to a final concentration of 1 mg ml−1. The DNA content of the influence was noticeable on both traits, as differences in isolated nuclei suspensions were analysed using a Partec PAS-II cotyledon cell number and mean volume between recipflow cytometer equipped with a HBO-100 W mercury lamp and rocal hybrids were always significant ( Table 1) . Cotyledon a dichroic mirror (TK420). The data were plotted on a semicell number was the factor which appeared the more logarithmic scale. In this way, the histogram peaks from 2C to tightly correlated to mature seed size (Fig. 1) . However, 128C are evenly distributed along the abscissa. Integrals of each peak in the histograms were obtained using the built-in software specificities for the pattern of variation of the two traits Partec DPAC V2.0. Calibration was conducted with nuclei of occurred within the two couples of reciprocal crosses. 11% bigger. Conversely, cotyledon cell volume appeared to be the major factor contributing to the Cation-
Imposant hybrid differences because Imposant×Cation had 35% more cells than Cation×Imposant, but its cells with n: number of peaks of DNA content of the sample; C i : C were also on average 59% bigger.
value in the nuclei of the peak n i ; N i : number of nuclei in the peak n i ; N sample : number of nuclei in all the peaks of the sample.
Embryo fresh weight evolution during the transition between
Results the cell division phase and maturation Maternal genotype influence on seed mass, cotyledon cell
The period of seed development studied, 150-300°C number and volume DAP, was known to cover the transition period between the cell division phase and reserve accumulation (maturaThe dry weight of the seeds issued from reciprocal crosses tion) (Ney et al., 1993; Ney and Turc, 1993) . Embryo was examined. The mass of the mature F1 seeds was not fresh weight is known to be a good mark by which to significantly different from that of the maternal parent distinguish between these two phases (Fig. 2) . During the ( Table 1) , although Frisson×Solara and Cation× cell division phase, embryo fresh weight was too small to Imposant seeds were slightly heavier than Frisson be accurately determined. However, when the cotyledons and Cation seeds, and Solara×Frisson and Imposant× began to fill, the embryo progressively became the major Cation seeds were smaller than Solara and Imposant part of the seed. Differences in the seed growth rate seeds. Maternal effects were also evident with regards to clearly appeared between the parental lines and hybrids seed shape (data not shown). The dry weight differences especially for the Cation-Imposant crosses. Time of fresh observed between the mature seeds issued from the various reciprocal crosses were always significant. weight onset of the embryos showed that maturation began between 200 and 225°C DAP for the two couples of tested genotypes and their reciprocal hybrids. about 2.5% of nuclei with 32C level of DNA, whereas Kinetics of endoreduplication in cotyledons during early Solara×Solara embryos did not present a DNA level maturation higher than 8C (data not shown). Figure 3 shows the evolution of the relative part of the Flow-cytometry analyses were made on homozygous and heterozygous embryos during the period between 150 and 8C peak in developing embryos. This peak is the first real endoreduplicating peak; indeed at the end of the cell 300°C DAP. In the early stages of development (from 150 to 200°C DAP), the cotyledons showed a bimodal division phase, the 4C peak is a mixture of G2 and endoreduplicating nuclei. Endoreduplication appeared nuclei population, with peaks corresponding to 2C and 4C levels of DNA. From 220°C DAP, histograms showed sooner in small-seeded genotypes (Cation and Frisson) than in large-seeded genotypes (Imposant and Solara). the progressive appearance of peaks corresponding to 8C, then 16C and 32C levels of DNA. Kinetics of the endoredConversely, reciprocal hybrids showed a similar pattern of appearance of the 8C peak, intermediate between those uplication was quite different among the four pea genotypes: at 280°C DAP, Cation×Cation embryos showed of their two parents. Endoreduplication pattern in mature embryos and mature seed weight ( Fig. 5 ). For each cross, the endoreduplication pattern of the F 1 hybrids were very The proportion of endoreduplicating nuclei was investisimilar to that of their maternal parents. There was also gated in mature cotyledons among the two couples of a relationship between the mean C-value and the mean pea genotypes and their reciprocal F 1 hybrids, and GSP6, cotyledon cell volume in mature seeds ( Fig. 6) . Largest a very small-seeded pea genotype. Frequency histograms seeds, which are composed from largest cells, show also showing the DNA levels of nuclei of the five homozygous a larger mean C-value. lines and the four reciprocal hybrids are given in Fig. 4 . Very small seeds (GSP6) presented five DNA levels, from 2C to 32C. Small seeds (Cation, Frisson, and hybrids Discussion where they are the maternal parent) presented six DNA Differences in cotyledon cell number and mean volume levels, with 1.5% to 4% nuclei with a 64C DNA content.
between reciprocal hybrids Large seeds (Solara, Imposant and hybrids where they are the maternal parent) presented seven DNA levels,
The strong maternal influence on mature seed size had already been shown for many species, including pea with about 1% nuclei with a 128C DNA level.
Among these five pea genotypes, the percentage of (Davies, 1975) . The difference in mature seed weight between reciprocal F 1 hybrids from the two couples of nuclei showing a 64C or more DNA content lay in a range from 0 (GSP6) to 14.23% (Imposant) (data not contrasting genotypes used, indicated such a maternal effect in the experimental system. However, no hybrid shown), and a highly significant positive linear correlation (r2=0.919) could be found between the mean C-value resembled its maternal parent exactly, suggesting that the genetic constitution of the embryo also had a role in cotyledon cell volume in common bean (Sexton et al., 1997) . These studies showed that two parameters, namely determining the mature seed size of the F 1 hybrid. Furthermore, no clear heterosis phenomenon was cell number and/or cell volume, may explain the maternal effect on the mature seed size. In the reciprocal crosses observed for this character. This confirms the results of Sarawat et al. who showed positive values of heterosis in used in this study, it has been shown that cotyledon cell number and volume can explain the differences that were pea over the maternal and paternal parents in all the agronomic features, except harvest index, seeds per pod, observed between reciprocal hybrids. Frisson and Solara hybrids differ mainly in cotyledon cell number, whereas and seed weight (Sarawat et al., 1994) . Previous studies in pea (Davies, 1975) and soybean (Guldan and Brun, differences between Cation and Imposant hybrids are mainly due to differences in cell volume. These differences 1985) have shown that seed growth rate and mature seed size were related to number of cells in the cotyledons. In observed between the two couples of reciprocal crosses suggest that non-maternal genetic factors (for example, maize, it was shown that both endosperm cell and starch granule numbers are highly correlated with kernel mass the presence of paternally imprinted genes) are involved in seed size variation, as suggested for Arabidopsis thaliana at maturity (Reddy and Daynard, 1983) . It has been determined that the seed growth rate was related to (Alonso-Blanco et al., 1999) . embryo fresh weight, and a decrease in the population of Relation between the cotyledon cell number and the nuclei showing a 2C DNA content. This decrease was duration of the cell division phase and/or mitotic activity followed by the appearance of nuclei showing an 8C during this phase DNA content which provides unequivocal evidence of the termination of the cell division phase, using the The evolution of embryo fresh weight between 150°C and 300°C DAP provided evidence that this period observation that cells that have entered endoreduplication cannot subsequently undergo mitosis (Graffi and Larkins, represented the transition phase between the cell division phase and maturation. During this period, the embryo 1995). The initiation of the endoreduplication is a progressive phenomenon in reserve accumulating organs fresh weight of the various lines began to increase at different times and showed different rates of increase, during the transition between the cell division and maturation phases ( Kowles et al., 1990) . Comparisons of the suggesting that the number and timing of cell division are different. The number of cotyledon cells depends both patterns of appearance of the 8C peak in Imposant, Solara, Cation, and Frisson, indicate that the cell division on the duration of the cell division phase and on the mitotic activity in the cotyledons during this period.
phase is longer in large-seeded genotypes than in smallseeded genotypes. Conversely, reciprocal hybrids showed Studies on the kinetics of the endoreduplicating phenomenon allowed the detection of differences in cell cycle the same pattern of appearance of the 8C peak, intermediate between that of the two parents, which indicates evolution between the two couples of pea varieties and their reciprocal hybrids, and to determine the limits of a normal Mendelian inheritance without dominance for the character 'duration of cell division phase'. This means the cell division phase.
During the cell division phase, i.e. before 225°C DAP, that the duration of the cell division phase in the embryo is controlled by the embryo's own genotype, and is not embryo fresh weight stayed very low and cotyledon nuclei showed a DNA content of 2C and 4C, which represents under maternal influence. The results of this study suggest that large-seeded F 1 seeds show a higher number of nuclei in G1 and G2 phases of the cell cycle, respectively. Nuclei between the two peaks represent nuclei in the S cotyledon cells than their reciprocal small-seeded hybrids, and that this difference in cotyledon cell number does not phase, that are synthesizing DNA. During this first phase, there was almost the same proportion of 2C and 4C rely on the duration of the cell division phase. This means that the difference in cell number must rely on the mitotic nuclei, which indicates a very high mitotic activity.
Early maturation was accompanied by an increase of activity during the cell division phase. Thus maternal genotype does not influence the duration of the cell early stages of seed development by controlling the mitotic rate during the cell division phase. After this step, materdivision phase, but it controls mitotic activity during this period.
nal and non-maternal factors could control the number of endoreduplicating cycles in the cotyledons and, consequently, the cotyledon cell size. These results are in Maternal control on the endoreduplication level in mature seeds accordance with those obtained with reciprocal crosses between two Arabidopsis lines, where it has been shown The study of endoreduplication in pea cotyledons using that the cell number variation was controlled mainly by flow cytometry is reported for the first time in this paper. maternal factors, whereas the non-maternal allelic vari-A maximum level of 128C was detected, whereas the ation affected mostly cell size (Alonso-Blanco et al., microdensitometry method on Pisum sativum L. allowed 1999). the measurement of a maximum 64C value only (Scharpé and Van Parijs, 1973; Davies and Brewster, 1975) . There is a clear positive correlation between the endoreduplic-
